This paper presents a high-sensitivity hydrophone fabricated with a Microelectromechanical Systems (MEMS) process using epitaxial thin films grown on silicon wafers. The evaluated resonant frequency was calculated through finite-element analysis (FEA). The hydrophone was designed, fabricated, and characterized by different measurements performed in a water tank, by using a pulsed sound technique with a sensitivity of −190 dB ± 2 dB for frequencies in the range 50-500 Hz. These results indicate the high-performance miniaturized acoustic devices, which can impact a variety of technological applications.
Introduction
Acoustic technologies are widely used for underwater survey evaluations, especially in sonar systems. The applications of hydrophones have been restricted by the sensitivity, desired resonance frequency, and device shape. Hydrophone miniaturization has been a subject of study in recent years [1] [2] [3] . However, miniaturization of most conventional acoustic transducers is limited to low resolution, less sensitivity, and high impedance at low frequencies and the performance curve is no longer understandable [4] Micromachined ultrasonic transducers which integrate piezoelectric layers on silicon substrate offer an excellent solution to overcoming the shortcomings of conventional acoustic transducers [5] [6] [7] . Furthermore, a significant reduction of the hydrophone's physical dimensions will not easily react to acoustic diffraction, which is advantageous for accurate measurements.
Piezoelectric thin films have attracted attention because of their appropriate thickness in obtaining the desired frequency response characteristics of the ultrasonic transducers. With the desire for large piezoelectric coefficients, thick lead zirconate titanate (PZT) film is the best candidate material for use in ultrasonic transducers for high-resolution imaging [8] . By using a Microelectromechanical Systems (MEMS) fabrication process for integrated circuits (ICs) [9, 10] , the ultrasonic hydrophone allows the combination of signal and image processing circuits, such as amplifier and filter circuits, allowing sensitivity to be improved. The piezoelectric micromachined ultrasonic transducers (pMUT), which are driven by PZT film pMUTs, have a lower operating voltage and higher transmission power [11, 12] .
In this paper, we have prepared an epitaxial PZT diaphragm structure for underwater hydrophone on silicon substrates and used a finite-element analysis (FEA) to estimate vibration parameters of the hydrophone. As a result of the FEA, an improved hydrophone was fabricated and evaluated. This paper proposed and fabricated pMUT using a diaphragm structure for underwater acoustics applications in the frequency band from 0.1 Hz up to 100 kHz, which is the frequency range of interest for underwater sensing applications [13] .
We describe the growth and the structural characterization of PZT thin films grown on silicon wafers through oxide transition layers. In order to obtain high-quality thin films on silicon, it is essential to develop a controlled growth process suitable for the piezoelectric layer. As a result, during the design and fabrication of acoustic devices, an optimized thin-film thickness can be utilized to control the frequency response characteristics of the hydrophone. This paper investigates the properties of diaphragm for the hydrophone applications in water, and to achieve this objective, the sensitivity of hydrophones is measured and the characterization of the mechanical properties are calculated. The hydrophone performed in a water tank is used as a pulsed sound technique for calibration. Results on acoustical sensitivity measurements, directivity, and sound pressure level are discussed.
Device Design
The acoustic device is a piezoelectric transducer used to detect underwater sounds and convert the mechanical signals of low frequency acoustic waves into electrical signals. Thus, the hydrophone performance is primarily evaluated in terms of frequency range, sensitivity, and sound pressure level. According to the small deflection theories of plates, miniature high sensitivity of the hydrophone is achieved. The hydrophone sensing diaphragm relates the thin films thickness of piezoelectric material to the applied hydrostatic stress and is a useful parameter for evaluating device dimensions. Hydrophone is measured by the voltage that is produced per unit of hydrostatic pressure. If the underwater hydrophone sensing diaphragm is designed in a circular shape with a large initial tensile stress, the mechanical sensitivity [V/Pa] of the underwater microphone can be expressed as [17] [18] [19] 
where is the hydrophones diaphragm radius, is the hydrophone's diaphragm residual stress, and is the hydrophones diaphragm thickness. According to (1), hydrophones with thinner diaphragms have higher sensitivity and large areas of the diaphragm can improve the mechanical sensitivity of the acoustic film. In addition, the opening of the slot gap in the sensing diaphragm can reduce the residual stress in the diaphragm and increase the mechanical sensitivity of the hydrophone. But the slot gap design is prone to parasitic capacitance and will reduce the hydrophone's electrical sensitivity. Therefore, we designed a composite diaphragm structure to adjust the stress of the acoustic sensing diaphragm. By using the tensile stress and compressive stress between different stress-producing materials, a stresscancellation effect can be achieved, reducing the stress of the acoustic sensing composite diaphragm. Diaphragm thickness and dimensions can affect sensitivity. In the sensitivity suitable for hydrophone applications, the small deflection theories of plates are analyzed. The most effective approach to analysis can be found for the pressuredeflection relationships of plates made of isotropic, homogeneous, linearly elastic materials [20] . In order to optimize the microfabrication process, the hydrophones of the diaphragms are evaluated with simple geometrical shapes such as squares, rectangles, and circulars. These hydrophones of diaphragms research showed that the bimorph most easily adapts to thin-film fabrication and micromachining. In this paper, we report our efforts to develop circular bimorphs with highperformance miniaturized hydrophone systems, thus achieving a better theoretical sensitivity than the reported ones. In a simple circular bimorph under small deflection, we calculated radial ( ) and circumferential ( ) strain with respect to the applied pressure by the following equation [20] [21] [22] [23] 
where is the applied pressure, is Young's modulus, and V is Poisson's ratio. Diaphragm thickness is represented as , diaphragm radius is represented as , and is the calculated point radius. By studying most of the research concerning acoustic diaphragms, important conclusions can be drawn about the effects of the circular bimorph and water loading. It is known that the resonant frequency (work frequency) of a clamped edge circular plate can be well estimated using the following equation [20] [21] [22] [23] :
where is the density of the diaphragm. According to (3), the resonance frequency is proportional to the diaphragm thickness, which concurs well with the FEA results. The circular bimorph is precisely defined by the properties of process; thus, we can obtain acoustic diaphragms quite similar to our designed ones. In the simulation, the geometrical sizes of the thin-film thickness are kept the same as in the device design. Figure 1 (a) is the schematic structure of our proposed circular shape acoustic device in the MEMS diaphragm hydrophone. The calculations were performed for a SiO 2 /top electrode/PZT/ZnO/bottom electrode/SiO 2 /Si heterojunction structure with a spherical air gap. The surface of the developed hydrophone is covered with a polyimide to protection against water. Figure 1(b) shows a schematic of the fabricated diaphragm hydrophone array with 8 × 8 elements. These elements are adopted through interconnects to allow individual addressing of each element in a constrained space. The perforation in the two-dimensional structure is similar to the porosity in the 3D structures; however, the real-time 3D imaging uses a fabricated hydrophone matrix array integrated device in which the electrodes of the hydrophone elements are led to the back surface of the hydrophone substrate. The transmission and reception characteristics of the hydrophone were investigated using the impulse response in the 200 Hz frequency band. It was considered axial symmetric domain with a diameter 100 m and length 10 m. To consider the boundary condition, the edge of circular plate was fixed. The resonant frequency was evaluated as a function of the cavity diameter.
ANSYS was used for FEA, which consists of a heterojunction structure. The frequency response of electric potential generated by a circular bimorph in the whole frequency range is presented in Figure 2 . When sound frequency increases from 10 Hz up to 100 kHz, electric voltage, generated by circular bimorph, increases from 0.001 V up to 0.15 V. The general trend of growth response with increasing frequency is destroyed by the peaks associated with resonances of the hydrophone. Comparison of the three frequency response curves shows that high underwater hydrostatic pressure does not noticeably affect the sensitivity parameters of the solid design hydrophone.
Experimental Procedure
In this paper, the devices were prepared on 4-inch, singlesided polished bare (111) silicon wafers (supplied by SinoAmerican Silicon Product Corporation). The wafer was cleaned by RCA (a recipe developed by the RCA Company) procedure and dried with nitrogen gas before beginning the process. A layer of silicon dioxide (SiO 2 ) was first deposited on a Si substrate by radio frequency (RF) magnetron sputtering at room temperature. The bottom electrode Pt 100 nm thick and ZnO 100 nm thick layer were deposited using RF-magnetron sputtering system. Subsequently, piezoelectric PZT thin films 3 m in thickness were deposited by using a conventional sol-gel method. The PZT solution (with Zr : Ti ratio = 52 : 48) was deposited on the ZnO coated by spincoating at 3000 rpm for 30 seconds, then baked at 350 ∘ C for 60 seconds on a hot plate, and next crystallized at 600 ∘ C for 5 minutes for the thin films by using rapid thermal annealing (RTA). Each layer is approximately 100 nm thick. The PZT films were fabricated by repeating this procedure to achieve the desired thickness. The top electrode (titanium 8 nm/platinum 200 nm) was deposited using multitarget RFmagnetron sputtering. A SiO 2 film with 400 nm in thickness was formed by RF-magnetron sputtering under metal wiring. The stack of the SiO 2 /Pt/Ti/PZT/ZnO/Pt/SiO 2 was etched to expose the surface of the Si substrate by reactive ion etching (RIE). Then, bare Si removed native oxide by carbon tetrafluoride (CF 4 ) etching to ensure cavities were symmetrical. Subsequently, Si substrate below the diaphragm area was etched by Xenon difluoride (XeF 2 ) gas from the top side of the device. The etching rate was about 10-15 m/hour, and etching was isotropic. A spherical cavity of 100 m diameter was formed below the PZT/metal films after this etching process. After XeF 2 etching, bonding wires were covered with epoxy to ensure that the device can be immersed in water. The morphology of the films was characterized with high-resolution field emission scanning electron microscopy (FESEM; JEOL-6330, Japan). Energy dispersive X-ray spectroscopy (EDS) measured by a field emission scanning electron microscopy (FESEM) attachment was used to characterize the elemental composition of the thin films. The heterojunction structure of the thin films was examined using an X-ray diffractometer (XRD, Bruker D8 Discover) with CuK radiation ( = 0.154060 nm). Patterns were recorded at a rate of 0.1 ∘ /second in the 2 range of 20 ∘ to 80 ∘ . Figure 3 shows the FESEM image of the ZnO thin film. It can be seen that homogeneous size with an average length of ∼50 nm was grown on the Pt. The film was randomly oriented because the ZnO film was disordered. It was likely that the crystallization and growth of the ZnO film was significantly influenced by the Pt film. The inset in Figure 3 lift side is the EDS spectrum of the ZnO film, where, except for the peaks corresponding to Zn and O, no other peaks were observed in the test range. The contents of Zn and O are determined to be 44.75% and 55.25%, respectively, which is the chemical composition that matches the stoichiometry. Figure 3 on the right side in the insert shows the XRD patterns of the ZnO film at a diffraction angle of 34.3 ∘ . As shown in Figure 3 on the right side in the insert, the diffraction intensity of the ZnO (002) peak is higher than those of the other peaks. Based on the XRD analysis, the processing conditions were optimized the ZnO and Pt films with the best crystallinity, texture, and uniformity that could be obtained. Meanwhile, Pt is hardly oxidized and SiO 2 thin film is used as a buffer layer of Pt on the bottom electrode of the silicon wafer to improve the adhesive durability between the bottom electrode and substrate. This reveals that the ZnO film can promote piezoelectric characteristics. In summary, Pt was considered with the purpose of obtaining a better orientation of ZnO thin film. the crystallization and growth of the PZT (52/48) film were significantly influenced by the ZnO/Pt/SiO 3 /Si film structure due to the close matching of lattice parameters. Figure 5 shows the underwater experimental setup to measure the receiver characteristics of the hydrophone at different frequencies. A calibrated hydrophone (B&K 8103) is used as a reference hydrophone for calibration. The developed hydrophone and the reference hydrophone are placed next to each other and are driven by an underwater signal generator. The signal generator was driven at frequencies from 50 to 500 Hz, producing hydrostatic pressure on the developed hydrophone and the reference hydrophone. To measure the frequency response of the hydrophone, the received signals were observed using the Lab-View system (obtained by acquisition device NI-DAQ 6024E) through 4 channel amplifier. Using the reference hydrophone in Channel 1, the acoustic pressure was measured, and the signal from the developed hydrophone in Channel 2 was calibrated using the measured acoustic pressure. Ultrasonic sensitivities of the hydrophone were calculated from the generated ultrasonic sound pressure and the output signal. Figure 6 (a) shows the sensitivity of the hydrophone in response to swept frequencies in the range 50 Hz to 500 Hz. The sensitivity is around −190 dB ± 2 dB (Ref. V/ Pa) in the flat region between 50 and 420 Hz, which almost completely covers the generated frequency range of the underwater oscillatory flow disturbances. The sudden increase in level, at approximately 220 Hz, is due to the first resonance mode of the developed hydrophone. The second deviation is within ±4 dB near 440 Hz. This result was anticipated, because the deviations in frequency response are attributed to the acoustic effects of the waveguide [24, 25] developed hydrophone is suitable for the intended application of underwater sensing. Figure 6 (b) shows the sound pressure level power spectral density measured at different frequencies. The sound pressure level was measured using the reference hydrophone and the developed hydrophone. In the comparison of the two datasets, sound pressure levels appeared almost identical. The admittance versus frequency curve of the hydrophone indicated two main valleys near to 210 Hz and 430 Hz. This result indicates that the transducers directly received the ultrasonic signal from the fabricated hydrophone and showed the possibility of distance measurement. Overall, all the results confirmed that adjusting the frequency response by appropriately changing the structural design of the hydrophone is possible.
Results and Discussion
Three different commercial hydrophones used for the comparison are listed in Table 1 . These commercial hydrophones are chosen because they are commonly in use as standard measuring underwater devices. The comparison has been exceedingly valuable, with much confidence gained in the performance of primary standards. In general, the heterojunction structure hydrophone presented in this work performs much better than most of the other hydrophones. Especially for the hydrophones reported in [14-16], those highly responsive hydrophones employ sophisticated arrays structure to further enhance the sensitivity, and the sensitivity of this work is still higher than commercial hydrophones. Therefore, this work indicates a promising approach for optimization of underwater acoustic multimedia communication applications.
Conclusion
A high-performance silicon substrate hydrophone fabricated by a novel process was developed. The FEA was carried out in order to estimate the resonant frequency of the diaphragm transducer. From the results of the FEA using ANSYS, the resonant frequency was strongly affected by the element size. According to this result, we have demonstrated the fabrication of PZT piezoelectric hydrophone based on epitaxial thin films. PZT thin films epitaxially grown on ZnO with a Pt bottom electrode exhibit high crystalline quality and good piezoelectric properties. The MEMS process has been optimized for the grown thin layers with special emphasis on maintaining the piezoelectric properties. This simple and highly controllable process makes it possible to obtain hydrophones with high performance and lowcost mass-production. Experimental results demonstrated that the developed hydrophone has excellent acoustic characteristics such as high sensitivity, wide frequency range, and high maximum sound pressure level. The measured frequency responses are in good accordance with the acoustic model simulation. The results of all measurements confirmed that the acoustic characteristics of the hydrophone can be controlled as intended by adjusting its structural design.
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